kinase activity has not been established. Here, we proTo understand G protein signaling and its biological vide evidence that G␣s and G␣i proteins, but neither functions, it is essential to identify the direct targets of G␣q, G␣12, nor G␤␥ proteins, directly stimulate the ki-G proteins. The direct effectors of G proteins consist nase activity of Src and Hck, two members of the Srcof the signaling molecules that are activated by their family tyrosine kinases. These results establish Src-family tyrosine kinases as novel direct effectors of G␣s and G␣i proteins. These novel findings also reveal a new activity, generating a downregulated state from an activated (unphosphorylated) state (Nada et al., 1991) . This negative regulation of Src activity by Csk has been confirmed genetically; cells from Csk-knockout mice have elevated Src specific activity (Imamoto and Soriano, 1993; Nada et al., 1993). We have used a form of c-Src with lower basal activity, i.e., the Csk-phosphorylated downregulated form, to examine the activation of c-Src kinase by purified G proteins. When recombinant c-Src (human c-Src(⌬N85)) purified from Sf9 cells was assayed by phosphorylation of a peptide substrate, the specific activity of this C-terminal, unphosphorylated c-Src is 5.5 nmol/mg/min, similar to previously published data (Boerner et al., 1996). Phosphorylation of this preparation of c-Src by purified Csk reduces its specific activity to 1.1 nmol/mg/min ( Figure  1) . Remarkably, as shown in Figure 1 , G␣i-GTP␥S stimulated the kinase activity of C-terminal phosphorylated c-Src in a concentration-dependent manner. In the presence of 180 nM G␣i-GTP␥S, the specific activity of phosphorylated c-Src was increased ‫-5ف‬fold, to 5.7 nmol/ mg/min. G␣i-GDP had no effect on c-Src activity, indicating that activation of G␣i is required (Figure 1 ). In addition, heat-inactivated G␣i-GTP␥S had no effect (data not shown). Hence, G␣i-GTP␥S directly increases the kinase activity of C-terminal phosphorylated c-Src. G␣i can directly stimulate the kinase activity of c-Src.
Direct Stimulation of c-Src Activity by G␣s

Stimulation of Hck Activity by G␣i and G␣s Results
To examine whether this direct G protein regulation is a general feature of the Src-family of tyrosine kinases, we tested G protein modulation of Hck, another member Direct Stimulation of the Kinase Activity of c-Src by G␣i-GTP␥S of the Src-family tyrosine kinases. As shown in Figure  3A , the specific activity of Csk-phosphorylated Hck (huTo investigate the possible direct regulation of Src by G proteins, we used an in vitro reconstitution assay with man Hck(⌬N77)) was increased from 1.9 nmol/mg/min to 5.2 nmol/mg/min by 180 nM G␣i-GTP␥S. The specific purified G proteins and c-Src. Intensive studies, corroborated by crystallographic structures (Xu et G␣i and G␣s. We made GST-fusion proteins GST-c-Src, GST-SH3SH2, and GST-kinase, and examined their relative binding to G␣i and G␣s ( Figures 4C-4E ). We found that the catalytic domain, but not the SH3SH2, is required for binding to G␣i and G␣s ( Figure 4E ). This is reminiscent of the interaction of G␣s and G␣i with the catalytic core of adenylyl cyclase (Tesmer et al., 1997) . Similarly, cyclin A binds to the catalytic domain of cyclindependent kinase-2, leading to the increase of kinase activity (Jeffrey et al., 1995) .
Association and Stimulation of c-Src by G␣i and G␣s in Cells
To assess the in vivo interaction, we assayed the physical association between endogenous c-Src and G␣s or G␣i by coimmunoprecipitation from mouse neuronal NG108 cells transfected with constitutively active mutants of G␣s (G␣sQ227L) and G␣i (G␣iQ205L) ( Figure  5A ). c-Src was specifically coimmunoprecipitated with G␣s and G␣i, indicating that these proteins physically and G␣i, but not G␣q, after incubating NG108 cell extracts with GTP␥S to activate endogenous G proteins To further examine the direct interaction of c-Src with G␣i-GTP␥S or G␣s-GTP␥S, we tested purified c-Src and ( Figure 5C ). Moreover, we used cholera toxin (CTX), which catalyzes the ADP-ribosylation of G␣s, resulting G␣i-GTP␥S or G␣s-GTP␥S for binding in vitro. We found that purified GTP␥S-bound G␣i and G␣s readily bound in the inhibition of G␣s GTPase activity, to activate endogenous G␣s. As shown in Figure 5D , CTX treatment purified c-Src, whereas GDP-bound G␣i and G␣s did not ( Figures 4A and 4B Figure 5F ). In contrast, in SYF cells, G␣sQ227L-and G␣iQ205L-induced tyrosine phosphorylation of many of these cellular proteins was severely reduced ( Figure 5F ). An exception was the two proteins ‫53ف(‬ kDa) whose tyrosine phosphorylation was still induced by G␣sQ227L and G␣iQ205L in SYF cells ( Figure  5F ). Reintroduction of c-Src into SYF cells rescued G␣sQ227L and G␣iQ205L induced protein tyrosine phosphorylation ( Figure 5F ). These data suggest that Src-family tyrosine kinases play a prominent role in mediating G␣s-and G␣i-induced protein tyrosine phosphorylation events in cells. 
G␣s Mutants, Defective in Stimulating c-Src
Table 2. Effect of G␣i and G␣s on Kinetic Parameters of Src
K m (pep) K m(ATP) V max K cat K cat /K m(pep) K cat /K m(ATP) M M M/min min Ϫ1 min Ϫ1 M Ϫ1 min Ϫ1 M Ϫ1
, 1998). We found that the major effect of G␣i and
However, the link between Src and these G proteinG␣s was to decrease the K m for the peptide substrate coupled receptors was not clear. Until now, G protein to ‫06ف‬ M ( Figure 6G and Table 2 ). The change on K m ␣ subunits have not been studied for their ability to for ATP was less than 2-fold. V max was not affected (Table  increase c-Src kinase activity. There was one report 2). These data bolster the idea that G protein binding that G␤␥ subunits, when overexpressed in COS-7 cells, changes the conformation of c-Src, allowing easier acincreased (by ‫-2ف‬fold) c-Src Tyr416-autophosphorylacess for the substrate to the active site.
tion . Here, we present evidence that activated G␣s and G␣i, but neither G␣q, G␣12, nor G␤␥, Discussion directly regulate Src-family tyrosine kinases by activating the downregulated, C-terminal phosphorylated kinase. We have also shown that, in Src-family tyrosine G proteins and tyrosine kinases are two major cellular signal transducers. They transmit signals from a wide kinase knockout SYF cells, G␣sQ227L and G␣iQ205L 
Proposed Activation Mechanism
After cell lysis by sonication, the lysate was spun down at 10,000 ϫ c-Src kinase activity can be modulated by either tyrosine g for 30 min at 4ЊC. Ni-NTA agarose resin (5 ml, from Qiagen) was phosphorylation or conformational changes. Our data added into the supernatant after preequilibration of the resin with indicated that neither G␣s nor G␣i changed the Tyr527 lysis buffer. The mixture was gently agitated overnight at 4ЊC and phosphorylation state, suggesting that autodephospacked into a C16/20 column (Pharmacia), washed with lysis buffer plus 100 mM NaCl, and eluted with lysis buffer plus a linear gradient phorylation of Tyr527 is not the regulatory mechanism of imidazole (10 mM to 500 mM). G␣i1 was most abundant in the Laemmli sample buffer. After incubation at 90ЊC for 5 min, the substrate peptide was separated on 20% SDS-PAGE gel, dried, autora-20 mM imidazole elution fraction, whereas G␣s was abundant in the 200 mM imidazole fraction. Elutions were concentrated and diographed, and quantified with a phosphoimager. Bands were cut out of the gel and counted in a scintillation counter. changed to Mono-Q buffer (50 mM Tris [pH 8.0], 2 mM DTT, and 1 mM EDTA) by using Millipore Ultrafree filters and further purified on a Mono Q column (Pharmacia) with a linear gradient of NaCl (100 In Vitro Binding Assay mM to 800 mM). G␣s elute fractions were changed to HPHT buffer In vitro affinity chromatographic binding assay was done as pre-(10 mM Tris [pH 8.0], 1 mM DTT, and 10 mM K 2 HPO 4 ) and purified viously described (Ma and Huang, 1998). GST pull-down assay was by using a Bio-Rad ChT-II cartridge with a linear gradient of phossimilarly performed using GST-fusion proteins attached to glutathiphate (20 mM to 500 mM). Neither G␣s nor G␣i was palmitoylated.
one agarose beads and purified G␣s-GTP␥S and G␣i-GTP␥S. Protein concentration, purity, and identity were analyzed by silver stain and Western blot. G␣i1 and G␣s were activated in the presence Coimmunoprecipitation Assay of 10 mM MgSO 4 and 100-fold molar excess of GTP␥S at 30ЊC for Immunoprecipitation and Western blot were done as previously de-1 hr. Free GTP␥S was removed by gel filtration.
scribed ( Immunocomplex Kinase Assay DTT, 5 mM Benzamidine, 1 mM PMSF, 2.5 g/ml leupeptin, and 2.5
Immunocomplex kinase assay was done as previously described g/ml pepstatin A) and then diluted into 300 ml dilution buffer ( The DNA template was pQE60-G␣s(Lee et al., 1994). These G␣s Glutathione S-transferase fusion proteins: DNA sequences corremutants were also subcloned into pcDNA1.1/Amp mammalian exsponding to the indicated regions of c-Src cDNA were amplified by pression vector with G␣sRCEE background (Grishina and Berlot, PCR and subcloned into pGEX-2T (Pharmacia). Each construct was 1997), in which the arginine at position 201 of G␣s was mutated to confirmed by DNA sequencing. GST fusion proteins were expressed cysteine to inhibit GTPase activity, and an EE epitope was generin BL21 cells harboring pREP4groESL and purified on glutathioneated. Mutant G␣s proteins were purified as described in the Protein agarose beads (Sigma) (Bence et al., 1997; Ma and Huang, 1998).
Purification section. Fusion proteins bound to the beads were used for binding assays.
Phosphotyrosine-Agarose Binding Assay
The phosphotyrosine agarose binding assay to examine the accessiKinase Assays bility of the SH2 domain was performed as described (Sun et al., Kinase assay was performed as previously described ( 
